Abstract. Northern Hemisphere vegetation is generally zoned as a consequence of latitudinal and altitudinal gradients. Temperature reconstruction from three successive pollen floral assemblages (of Tortonian, Messinian and Zanclean age) from the eastern Pyrenees has been used to estimate the altitudinal evolution of the uplifted Cerdanya Basin and its surrounding massifs. A new method has been developed for the uplifted basins, which completes that already applied to pollen floras from coastal marine deposits close to mountains. In contrast to previous hypotheses, it seems that the eastern Pyrenees occurred at a lower altitude in the Late Miocene before continuous uplift began 10 Ma ago. The rate of this uplift ranged between 0.06 and 0.12 mm/yr.
Introduction
The estimate of palaeoaltitude of mountain belts and its change with time is essential for deciphering between movements of the earth surface caused by tectonics, mantle dynamics or climate. It is also essential for placing limits on erosion rates and terrigenous fluxes into sedimentary basins, the reconstruction of vegetation palaeomaps and the development of palaeoclimate models.
Different indirect approaches are used to estimate palaeoaltitudes with equivocal results: some of which provide evidence on denudation, such as thermochronometry (Gunnell, 2000) and geomorphology (Kooi and Beaumont, 1996; Babault et al., 2005) . These depend in part on altitude; whilst others provide evidence on the physical conditions of water inclusions within newly crystallised minerals (Chamberlain and Poage, 2000) or those of carbonate precipitation (Mulch et al., 2004) . These variables both depend on climate and relief. However, none of these methods considered alone can be used to indicate the true palaeoaltitude evolution of the earth surface.
Present-day vegetation changes according to latitude and altitude, with an almost constant variation with respect to decrease in temperature throughout the Northern Hemisphere, from the South to the North (Troll, 1966 (Troll, , 1973 Ozenda, 2002) . As a consequence, plant remains may be used to estimate palaeoaltitudes. This was first applied in Northwestern America using plant macroremains frequently recorded at altitudes (Axelrod, 1965 (Axelrod, , 1968 Axelrod and Bailey, 1976; Meyer, 1992; Wolfe, 1995) using a relatively complex method in the absence of a calculated standard thermal gradient. The passage from thermophilous to boreal forests and the tundra is forced by decreasing mean annual air temperature (MAT). This regulates the thermal classification of plants (Nix, 1982) : equatorial then tropical forests, inhabited by megathermic plants (MAT>24°C), are gradually replaced by subtropical forests composed of mega-mesothermic plants (20°C<MAT<24°C), warm-temperate forests composed of mesothermic plants (14°C<MAT<20°C), mixed and coniferous forests composed of mesomicrothermic (12°C<MAT<14°C) then microthermic plants (MAT<12°C), and finally by the toundra (composed of microthermic herbs and some dwarf woody elements) that is stopped by snow and ice-dominated climates. This organisation of vegetation was used by Ozenda (1975 Ozenda ( , 1989 Ozenda ( , 2002 who succeeded in establishing a standard relationship between the latitudinal and altitudinal thermal gradients. This author took average values for the Northern Hemisphere: 0.60°C per degree of latitude and 0.55°C per 100 m in altitude despite slight variability resulting from sunshine exposure. H o w e v e r , e s t a b l i s h i n g s u c h a l a t i t u d i n a laltitudinal standard thermal gradient for the Northern Hemisphere left open new prospects for palaeoaltitude estimates using plant remains.
Pollen floras, which are generally more abundant than those of plant macrofossil assemblages, provide a broader overview of the vegetation both in latitude and altitude (Suc, 1989) . Pollen data seem to provide an efficient tool, with a large potential geographical interest, since they may be extracted both from sedimentary foreland basins and uplifted intramountainous basins. An initial method has been developed for low altitude and coastal marine sediments located near massifs . This is based on quantification of past mean annual temperature (MAT), and using the past latitudinal and altitudinal thermal gradients and latitudinal versus a l t i t u d i n a l d i s t r i bution of meso-microthermic (i.e. cooltemperate) and microthermic (i.e. boreal) trees. However, this approach only provides an estimate of the minimum palaeoaltitude of the massif because it concerns the lower limit of the highest forest belt. Imprecision is accentuated when an herbaceous belt covered the most elevated part of the massif (pollen analysis is not yet able to detect altitudinal meadows) and more amplified where the summit was continuously covered by ice.
The Neogene latitudinal thermal gradient has been calculated for Europe and the Mediterranean region using pollen records: it is 0.48°C per degree of latitude for the Middle Miocene, 0.6°C per degree of latitude since the early Tortonian (Upper Miocene) (Fauquette et al., 2007) . The 'modern-aspect' reconstructed gradient from pollen floras for the end of the Neogene is consistent with model simulations in particular for the Pliocene (Haywood et al., 2000a and b; Jost et al., 2009) .
In this paper, the authors present a new method based on pollen records from sediments uplifted following deposition. The estimated altitude of massifs is, in the case of Late Neogene of the eastern Pyrenees, compared to that obtained using the method for low altitude and coastal sediments .
The eastern Pyrenees and the study basins
The formation of the Pyrenees follows a complex tectonic history that began in the Palaeozoic, in relation to compressional deformation and metamorphism in the Pyrenean Axial Range (Arthaud and Matte, 1975 ). The Hercynian chain is then largely eroded, until the Cretaceous. At about 90 Ma, the Iberian Plate moved along a left-lateral strike-slip fault relative to the European Plate as a result of deep-seated modification of the Atlantic Ocean (Olivet, 1996) . This plate boundary is represented by the North Pyrenean Fault (Fig. 1B) . The Pyrenean orogen grew from the Late Cretaceous to the Early Miocene as a result of the collision between the Iberian and the European plates (e.g. Munoz, 1992) . The initiation of the collisional stage at ca. 80 Ma was accompanied by the tectonic inversion of Early Cretaceous extensional basins. Following the slowing of the European/Iberian plate convergence at ~65 Ma (Roest and Srivastava, 1991) , thrust activity resumed at 50 Ma. At 35-30 Ma, the exhumation rates accelerated to 2-4 km/Ma, in response to increasing thickening of the Iberian crust through underplating in the central Pyrenees (Fitzgerald et al., 1999) eventually enhanced by the Eo-Oligocene global cooling (Huyghe et al., 2009) . Between the Late Cretaceous and the Eocene, the Iberian Plate followed a convergent motion relative to the European Plate, the rotation pole being located southwest of Iberia and consequently the compressional motion increased eastwards (Olivet, 1996) . Later, compression decreased (Gorini et al., 1993) . After the collision or during the last phase of plate convergence, the eastern Pyrenees (Fig. 1) were affected by a period of crustal thinning related to the welldefined Oligocene -Early Miocene rifting seen in the Gulf of Lions (Mauffret et al., 2001) that preceded the formation of the Western Mediterranean Sea (Réhault et al., 1984; Gorini et al., 1993) . According to Mauffret et al. (2001) , a second extensional event took place between the Late Miocene and the Early Pliocene. These authors suggest that prominent tectonic activity occurred during the Late Miocene, with most of the faults formed during this interval being sealed by the Messinian Erosional Surface. However, these authors consider that some extensional activity apparently persisted into the Early Pliocene but not later. Other authors (e.g. Briais et al., 1990) assume that extension in the eastern Pyrenees continued during the Quaternary including the present day.
The eastern Pyrenees include two sedimentary basins infilled by Neogene sediments containing abundant pollen (Figs. 1B, 1C): (1) the uplifted Cerdanya Basin which today reaches an altitude of 1000 to 1200 m, bordered by high peaks up to ca. 2900 m a.s.l. This basin is characterised by two successive pollen floral assemblages, at Sanavastre and Sampsor (Bessedik, 1985; Suc, 1989) and Can Vilella (Agusti et al., 2006; Fauquette et al., 2006) , respectively of Tortonian and Messinian age (i.e. Upper Miocene) (Fig. 2) ; (2) the Roussillon coastal Zanclean Basin at the foot of the Canigou Mount, reaching an altitude of 2784 m (Fig.  2) .
Uplift of the Cerdanya Basin was proposed by Mauffret et al. (2001) as having occurred mainly during the Middle to Late Miocene (between 10 and 5 Ma). During the 1990s, an intense debate arose concerning the tectonic activity in the eastern Pyrenees that took the form of destructive earthquakes in the area (for instance at Olot in 1427-1428; Olivera et al., 2008) . For some authors, the associated normal faults indicate important tectonic activity during the Quaternary (Briais et al., 1990) .
Uplift of the Canigou Mount (Figs. 1B, 1C ) occurred during the Late Miocene -Early Pliocene, as a result of a flexural isostatic rebound caused by crustal thinning. Based on the study of apatite fission tracks, Maurel et al. (2002) proposed that the onset of the exhumation of the Canigou Massif took place at around 27-26 Ma (Oligocene -Miocene). According to these authors, a second and last uplift pulse of the Canigou Mount occurred during the Messinian Salinity Crisis in the latest Miocene.
The Cerdanya Basin
The Cerdanya Basin is a SW-NE orientated half-graben (Figs. 1B, 1C ) impacted by two tectonic phases (Pous et al., 1986; Cabrera et al., 1988; Roca, 1996) : (1) during the MiddleLate Miocene, an intense fracturing of the eastern Pyrenees basement occurred, resulting in the dextral slip of the deep Têt Fault which formed the Cerdanya Basin; (2) in the latest Miocene (Messinian), the sedimentation terminated under a generally extensional situation. Neogene sediments, mostly consisting of fluvial sands and conglomerates, are 400 to 1000 m thick as a consequence of an intense subsidence (Agustí and Roca, 1987; Roca, 1996) . These sediments consist of two units separated by an unconformity the lower unit being folded during an intervening phase (Cabrera et al., 1988) . However, they contain diatomite, clay and lignite layers rich in mammal, ostracod and plant remains (including pollen).
Fossil mammals from the Sanavastre and Prats-Sampsor localities (Cerdanya Lower Unit) belong to the Vallesian continental period (mammal zones MN 9-10). This is based particularly on the presence of Hipparion primigenium catalaunicum (Agustí and Roca, 1987) , i.e. to the ca. 11-9 Ma interval (equivalent for a part to the Tortonian Stage) ( Fig. 2 ; Agustí et al., 2001) .
The Can Vilella section exposes part of the Upper Unit. It contains small mammal teeth and bones which indicate that this Turolian fauna is of early Messinian age, based on palaeomagnetic measurements. It can be correlated to date from between Chrons C3An.2n or C3An.1n for the topmost section ( Fig. 2 ; Agustí et al., 2006) . Whilst these authors argued in favour of a Chron C3An.1n date some doubt still remains. A revised biochronology of the Iberoccitanian mammal faunas supports the youngest hypothesis (Gómez Cano et al., 2011) . Nevertheless, the present authors consider this pollen flora occurred between ca. 7 and 6 Ma, with the opportunity to test the two possible ages, close to 6.5 or 6.1 Ma, respectively. Agustí et al. (2006) proposed the elevation of Cerdanya reached at least 500 m during the Tortonian and over 1000 m in the late Messinian, considering that the difference in altitude between the Cerdanya Basin and the bounding high massifs to the North and South was already of the same order as that today, i.e. up to 1900 m (Fig. 1C) . However, this assumption differs from that of Briais et al. (1990) , Coney et al. (1996) and Fitzgerald et al. (1999) who consider that the contrasting topography of the southern flank of the Pyrenees arose from erosion during the Messinian sea-level fall, rather than uplift.
The Roussillon Basin
The Roussillon Basin is a Neogene graben that was initially infilled by ca. 2000 m of Miocene deposits, then deeply eroded during the desiccation phase of the Messinian Salinity Crisis (Clauzon, 1990) . Zanclean coastal marine sediments, deposited within three deep coalescing rias, resulting from the Messinian fluvial canyons that were filled by sea when the Mediterranean Basin was reflooded Bache et al., 2011) . The Roussillon Basin is bordered to the west and south by the Pyrenees (the Aspres and Albères massifs, respectively), the Canigou Mount, composed of Hercynian rocks, reaching 2784 m only 49 km from the shoreline (Figs. 1B, 1C) .
The basin contains abundant well-dated Zanclean pollen localities (Suc, 1976; Cravatte et al., 1984; Suc, 1989; . Two localities, Le Boulou and Vivès, very close to the Canigou Mount (at 31 and 26.5 km, respectively), have provided rich pollen floral assemblages which are good candidates for estimating the altitude of the Canigou Mount in the early Zanclean (Fig. 2) . Unfortunately, there is no Miocene pollen locality in the basin to provide an older pollen assemblage for comparison.
The Le Boulou section exposes clays (79 m thick) representing the prograding bottomset beds of a Zanclean Gilbert-type fan delta (Clauzon, 1990) . This accumulation was dated using planktonic foraminifers from the Elne 1 and Canet 1 boreholes (Cravatte et al., 1984) , and include the C3n.4n normal Chron ( Fig. 2 ; Clauzon et al., 1990) . The Vivès section includes thin lignite beds immediately overlying the prograding foreset beds and forming the marinecontinental transition of the same Gilbert-type fan delta in its proximal part (Clauzon, 1990) . These beds have yielded a rodent faunal assemblage (locality Vivès 2) which is of earliest Zanclean age ( Fig. 2 ; Aguilar and Michaux, 1987; Clauzon et al., 1990) .
Late Neogene vegetation in the eastern Pyrenees

Early Tortonian vegetation in Cerdanya
On the basis of the Sanavastre (42°23'N-1°51'E; Figs. 1B, 1C) and Sampsor (42°22'50"N-1°49'50" E; Figs. 1B, 1C) plant macro-remain and pollen localities (Figs. 1B, 1C, 3A, 3C), the early Tortonian Cerdanya lake was bordered by swamps that supported a luxuriant riparian forest (Martín-Closas, 1995) . This is indicated by a diverse macroflora (Glyptostrobus europaeus, Zelkova ungeri, Ulmus braunii, Taxodium distichum miocenicum, several Alnus, Salix and Populus species, Carya bilinica, Pterocarya denticulata, Myrica salicina and M. vindobonensis, Parrotia pristina and P. gracilis, etc.: Menéndez Amor, 1955) and microflora (Alnus, Carya, Liquidambar, Myrica, Nyssa, Parrotia persica, Pterocarya, Populus, Salix, Taxodiaceae including Taxodium-type, Ulmus, Zelkova: Bessedik, 1985) . Water plants colonised the most humid areas and/or marshes (macroflora: Typha latissima, Trapa ceretana, Poaceae p.p., Cyperaceae; Menéndez Amor, 1955; microflora: Haloragis, Nympheaceae, Oenotheraceae, Potamogeton, Restionaceae, Sparganium, Typha, Poaceae p.p., Cyperaceae; Bessedik, 1985) .
As Menéndez Amor (1955) points out that the Cerdanya flora probably grew at a significantly lower altitude than that of the area today based on the occurrence of the abundant evergreen mega-mesothermic (i.e. subtropical) plants: Taxodiaceae (Taxodium, Glyptostrobus), Lauraceae (Laurus princeps, Cinnamomum lanceolatum, Sassafras ferretianum, Persea braunii, P. spinosa), Araucariaceae (Doliostrobus rerollei), Moraceae (Ficus tiliaefolia, F. pulcherrima), Proteaceae (Embothrium microspermum, Dryandroides aff. banksioefolia), D. lignitum, Banksia deikeana, B. helvetica, Conospermum macrophyllum), Fabaceae Caesalpinoideae (Caesalpinia c f . lepida, C . townshendi, C. micromera, Cassia paleogea, C. ambigua, C. lignitum, C. berenices), Sapindaceae (Sapindus dubius), Celastraceae (Celastrus crassifolius), Sapotaceae (Sapotacites minor, S. parvifolius), etc. This aspect is supported by pollen flora (Bessedik, 1985) with Cassia ( F a b a c e a e Caesalpinoideae), Celastraceae, Distylium (Hamamelidaceae), Engelhardia and Platycarya (Juglandaceae), Nyssa cf. sinensis (Nyssaceae), Sapotaceae, and Taxodiaceae (Fig. 3B, 3D ). (Bessedik, 1985 ; see the Method section for further explanation): (1) a deciduous mesothermic assemblage (Acer, Buxus sempervirens, Carpinus, Celtis, Juglans, Ostrya, Platanus, Quercus) , (2) a mixed meso-microthermic assemblage (Fagus and Cathaya mainly, Tsuga), and (3) a coniferous microthermic assemblage (Pinus p.p., Abies) (Fig. 3B, 3D ).
Palaeoclimatic parameters have been determined for the lowermost vegetation belt of Cerdanya using the 'Climatic Amplitude' transfer function for pollen records (Fauquette et al., 1998) : the mean annual temperature (MAT) is between 15.5°C and 19.8°C with a 'Most Likely Value' (MLV) of 17.4°C (Table 1) , the annual precipitation between 1100 and 1600 mm with a MLV at 1300 mm (Fauquette et al., 2007; Jiménez-Moreno et al., 2010) .
To summarise, these data indicate that the Cerdanya Basin was significantly lower in altitude during the early Tortonian than today because it supported a rich mega-mesothermic flora. Indeed, the present-day flora mostly comprises mesothermic and meso-microthermic elements (Quercus pubescens, Acer, Corylus, Betula, etc.; Gaussen, 1972; Gaussen et al., 1972) . In addition, the surrounding massifs were already relatively high according to the critical elevated frequency of meso-microthermic and microthermic elements, especially in the pollen record. A slight cooling seems to have characterised the Sampsor pollen flora by comparison with that of Sanavastre, resulting in a larger representation of Abies (Fig. 3D ) probably caused by some descent of the most elevated forest belt.
Early Messinian vegetation in Cerdanya
The early Messinian vegetation of Cerdanya is only documented by pollen data from the Can Vilella locality (42°20'50"N-1°47'E; Figs. 1B, 1C, 3E, 3F) (Agustí et al., 2006) . Cooler conditions than during the Tortonian characterise the Can Vilella flora since it contains only a few mega-mesothermic elements (Cyrillaceae-Clethraceae, Engelhardia, Leea, Nyssa, Sapotaceae and Taxodiaceae) with a predominance of Taxodiaceae and, at a lesser extent, Engelhardia (Fig. 3G ). This could result from tectonic uplift of the area because no major cooling occurred within the time interval 10-6 Ma (Zachos et al., 2001; Westerhold et al., 2005) . Early Messinian riparian forests were dominated by Alnus, Carya, Pterocarya, Salix, Ulmus, Zelkova, and above all Taxodiaceae, all of which maintained swampy and marshy (according to the high frequency of Cyperaceae and Poaceae p.p.) environments. A similar altitudinal organisation of the vegetation persisted (see the Method section for further explanation) with a more pronounced opening of forests according to the large frequency of herbs (Fig. 3G) . Nearby high summits existed based on the occurrence of Abies and Picea.
As previously, palaeoclimatic parameters have been calculated: MAT is between 15.5°C and 19.8°C with MLV at 17°C (Table 1) , the annual precipitation lay between 1070 and 1300 mm with MLV at 1100 mm .
Early Zanclean vegetation in the Roussillon Basin
Two pollen localities, Le Boulou (from 42°31'24"N-2°50'38"E to 42°32'29"-2°52'E; Following the same method as for the Late Miocene, palaeoclimatic parameters have been determined: MAT is between 14.6°C and 17.7°C with MLV at 16.5°C, the annual precipitation between 1180 and 1270 mm with a MLV at 1200 mm (Fauquette et al., 2007) .
Method for estimating palaeoaltitude of an uplifted basin
Tectonic motion of uplifted basins requires quantification over long periods, if possible supported by multiple approaches. Axelrod (1997) devised a method based on the estimated difference in temperature between a palaeoflora from an uplifted locality and a similar modern flora living in lowlands. The present authors have developed a different method, based on the same concept but using almost coeval Neogene pollen floras (i.e. located in the same chronological range as the pollen flora studied: see Figure 2 and text below), which benefits from several advantages:
-lowland pollen localities selected for comparison are relatively frequent since they are coastal marine sediments which are often accurately dated, -thermal latitudinal and altitudinal gradients established by Ozenda (1989) allow a standardised application, -quantification of the latitudinal thermal gradient for the Neogene of Europe (Fauquette et al., 2007) allows the use of the modern values for the period since the earliest Tortonian. The method perfected for this purpose is as follows (Fig. 6 ): -as mentioned above, the MAT is calculated for the uplifted pollen locality at the time of deposition, this is the value t 1 ; -MAT is also calculated for a contemporaneous stable pollen locality in the lowlands, this is the value t 2 ; -the present-day difference in latitude (Dl) between the two localities is measured, possibly replaced by the palaeodifference obtained from palinspastic reconstructions for the studied time); -MAT t 2 is translated into t 3 using the difference in latitude (or palaeolatitude) between the two localities with respect to the latitudinal thermal gradient (or palaeogradient) (Lgr expressed in °C per degree of latitude) using the equation: t 3 = t 2 + (Dl x Lgr); MLV of t 3 is considered as MAT of the pollen locality if it was not uplifted; -palaeoelevation (Pe expressed in hundred metres) of the pollen locality at the time of sediment deposition is obtained using the difference in MLV of t 3 and t 1 and applying the altitudinal thermic gradient (or palaeogradient) (Agr expressed in °C per hundred metres) according to the equation: Pe = (t3 -t1) / Agr. This method has been tested to estimate the palaeoaltitude of the Cerdanya Basin during the early Tortonian (11-9 Ma) and early Messinian (7-6 Ma) times. The authors used the same modern thermal gradient as that of Fauquette et al. (2007) and established that the shift from a latitudinal thermal gradient at 0.48°C per degree of latitude to the modern one (0.6°C per degree of latitude) was already achieved at 11 Ma.
The palaeoaltitude estimates were calculated using the MLVs of MAT obtained from pollen data. The MLVs are certainly less representative of the climate than the entire reconstructed climatic amplitude (as plants may sometimes support large climatic ranges), however they provide a good idea of the optimum climate where they best develop. Moreover MLVs have been statistically tested on modern pollen data and, as a consequence, they are considered to give reliable results (Fauquette et al., 1998) . A validation of the method may be achieved using a modern pollen flora sampled at Col de Jau (42°41'N-2°15'E; cf.: Supplementary data 1 and 2) using a method developed by Cour (1974) . This consists of whipping up dust (including pollen grains) and collecting it on filters, using a car travelling along several two-way journeys on a pathway (1 km long at constant altitudinal level). Simultaneously, a plant inventory of the area is obtained in order to determine which pollen grains are of local origin and which are not. The climatic reconstruction from the Col de Jau pollen flora indicates an MAT between 3 and 12°C with MLV around 7.5°C. This value is found today for example at around 58°N in Norway, i.e. 15° further north than the Col de Jau locality. Using the relation established by Ozenda (1975 Ozenda ( , 1989 , this difference in latitude indicates an estimated altitude of the sampled site of ~1650 metres a.s.l. Actually, Col de Jau occurs today at 1506 m a.s.l. In the same way, the climatic reconstruction determined from a modern pollen flora sampled at Canet -Saint-Nazaire, at sea level (42°40'N-3°00'E; cf.: Supplementary data 1 and 2) indicates MAT between 9.5 and 24.7°C with an MLV around 16.7°C. Using the same approach as that used for the fossil pollen data, comparing the two modern sites which occur at the same latitude, a difference of MAT of 9.2°C indicates a reconstructed altitude of about 1670 m for Col de Jau. These results indicate that, although the reconstructed climatic interval is large, the MLV gives a reliable estimate for the site's altitude at the time of deposition.
For a large part, the reconstructed altitudinal vegetation depends on the assumption that the Neogene plants occurred in the same altitudinal vegetation belts (Fig. 7) as those today, as assumed above. This consideration of two altitudinal vegetation belts (a Cathaya -TsugaCedrus belt succeeded by an Abies -Picea belt) results from interpretation of a large set of data established over a long time period (Suc, 1989; Suc et al., 1999) : -pollen floras (coastal marine and lowland lacustrine localities) from the four bestdocumented Neogene stages (Burdigalian, Langhian, Messinian, Zanclean) show enrichment in Cathaya and Tsuga (and often Cedrus) near old (or lower) massifs. They also show an enrichment in Abies and Picea near recent (higher) massifs (Bessedik, 1985; Suc, 1989; Suc et al., 1995b and c, 1999; Popescu, 2001 Popescu, , 2006 (Aquitanian-Burdigalian) prior to that in Abies and Picea (Langhian to Zanclean). This is interpreted as reflecting increasing elevation of the chain Jiménez-Moreno et al., 2005 ; -the spatial distribution of plants, with respect to their latitudinal replacement at a given moment, is consistent with the proposed altitudinal arrangement (Fauquette et al., 2007) ; -palaeovegetation maps obtained from interpolated pollen data (Favre, 2007) or from palaeoclimate modelling (François et al., 2011) , also support this vegetational organisation. These conclusions confirm the present vegetation of China as the best model for the organisation of Neogene vegetation in southern Europe (Fig. 7) .
At first sight, the method applied herein could possibly appear to be biased by variations in temperature relative to astronomical cycles, for example if two pollen floras from the same chronological interval indicating different temperature are compared. During the warm Miocene and Pliocene interval, variability in MAT did not usually exceed 2°C in the Mediterranean region (Fauquette and Bertini, 2003; Jiménez-Moreno et al., 2005 , 2007b Fauquette et al., 2006) , whereas it was significantly more important during the Quaternary (>6°C; Fauquette and Bertini, 2003; Klotz et al., 2006) . Accordingly, such a variability of ±1°C for the Neogene could be neglected because the method is designed to provide a rough guide to palaeoaltitude rather than its precise value. In addition, when several varying pollen spectra are obtained from a locality, they can be grouped when an MAT representative of the whole time-span of the sediments is determined. This is the case for the Sanavastre, Sampsor and Can Vilella sequences and their comparative pollen floras from Alboran A1, Montredon, Douiet 1, Capodarso, respectively. In this way, the potential variability in temperature has been integrated into the calculations.
Early Tortonian and early Messinian palaeoaltitude of the Cerdanya Basin
During the early Tortonian (11-9 Ma)
The pollen assemblage of marine sediments at 1073-1129 m depth from the offshore Alborán A1 borehole (Alboran Sea: 36°38'N-4°13'23"E; Fig. 1A ) is the closest site contemporaneous with the Sanavastre-Sampsor pollen floras. The well-dated (by planktonic foraminifers) Tortonian marine sediments from the Alborán A1 borehole (Fig. 2) provided a pollen assemblage dominated by herbs representative of the nearby coastal lowlands at the time of closure of the Betic Corridor. They also occurred before the significant elevation of the Betic Ranges (Krijgsman, 2002) , 2010) . Today, the difference in latitude between these two localities is 5°45'. However it can be reduced to 4° (Dl) if palinspastic reconstructions for the Serravallian-Tortonian times are reconsidered (Meulenkamp and Sissingh, 2003; Paramanova et al., 2004) . In this case the translated MLV t 3 (using Lgr at 0.6°C per degree of latitude; Fauquette et al., 2007) equals 17.9°C. Considering an Agr value at 0.55°C per 100 m (Fauquette et al., 2007) , this gives a palaeoelevation (Pe) of ca. 100 m based on the MLV (Table 1 ) bearing in mind that the climatic ranges are large.
Similarly, the authors compared the Sanavastre-Sampsor pollen floras with that from the early Tortonian-age levels of the Montredon locality in southern France (43°11'N-2°55'E; Fig. 1A ). At Montredon, lacustrine sediments (dated by mammal zonation: Aguilar et al., 2004;  Fig. 2 ) provided a pollen assemblage derived from the North Pyrenean lowlands. It includes an indication of moderate relief by the presence of Cathaya pollen (Bessedik, 1985) . The Montredon MAT range is 15-22°C with a MLV at 17°C. Today, the difference in latitude between the two localities is 48' (i.e. 0.80°), but can be reduced to 0.74° based on palinspastic reconstructions (Meulenkamp and Sissingh, 2003; Paramanova et al., 2004) . Here the MLV t 3 should equal 17.4°C if Sanavastre-Sampsor was at sea level (Table 1 ). This suggests that the Cerdanya Basin occurred near the seashore at a very low palaeoaltitude at that time.
Such a low palaeoaltitude can be seen within the range of significance of the 'Climatic Amplitude' transfer function which concerns 'low/middle -low altitude vegetation', i.e. approximately the lowermost 200 m (Fauquette et al., 1998) . Therefore, the authors consider a maximum elevation of 200 m a.s.l. for the Cerdanya Basin during the early Tortonian interval (Fig. 8) , an option consistent with the palaeogeographic map published by Paramanova et al. (2004) .
At the early Messinian (7-6 Ma)
Two pollen floras have been used for this estimation: -the Douiet 1 borehole in Morocco (34°2'25"N-5°7'35"W; Fig. 1A ) which yielded welldated (by planktonic foraminifers) marine sediments (Fig. 2) ; its pollen assemblage, dominated by xeric herbs, originated from the nearby lowlands bordering the northern shoreline of the Rifan Corridor. here deciduous Quercus is the sole indicator of some local relief (Bachiri et al., 2008) ; -the Capodarso exposure in Sicily (37°33'N-14°9'E; Fig. 1A ), the uppermost part of which exposes marine coastal sediments including Chron C3An.1n ( Fig. 2 ; Suc et al., 1995a) . The contained open xeric pollen assemblage derived from nearby lowlands at the foot of the Nebrodi-Madonie Mounts, the low elevation of which is indicated by the occurrence of deciduous Quercus and rare Cathaya pollen (Suc et al., 1995a) . The MAT values have been calculated for this sequence using the 'Climatic Amplitude' transfer function, and gave the following ranges Khondkarian et al. (2004) (Table 1) , an elevation of 250 m with respect to the Douiet 1 palaeotemperature and 600 m with respect to the Capodarso palaeotemperature was obtained (Table 1) .
The present palaeoaltitude estimates for the Cerdanya Basin, though they are not sufficiently precise, offer an indication of a trend in its uplift progression since 10 Ma (Fig. 7) . At that time, a maximum palaeoaltitude is suggested to be 200 m considering the imprecision arising from the 'Climatic Amplitude' transfer function (see above). From this, two options can be suggested (Fig. 8) :
-option A, with an elevation of ca. 250 m at 6.5 Ma (just before the end of Chron C3An.2n); this option suggests an accelerated uplift rate since 6.5 Ma; -option B, with an elevation of ca. 600 m at 6.1 Ma (just before the end of Chron C3An.1n); this option suggests an almost constant uplift rate from 10 Ma to the present. In either case, these options differ significantly from option C proposed by Agustí et al. (2006) , which suggested a marked decrease in the uplift rate since 6 Ma (Fig. 8) .
Palaeoaltitude of the Canigou Mount in the early Zanclean
The early Zanclean pollen floras of the south Roussillon Basin (Figs. 4 and 5) , described above, are rich in Cathaya, Cedrus and Tsuga, Abies and Picea. These results imply that a complete altitudinal forest succession occurred on the Canigou Massif when subtropical climatic conditions dominated on the coastal plain. This observation allows the application of the method developed by Fauquette et al. (1999) for estimating a minimum palaeoaltitude of the Canigou Mount. This method takes into account pollen assemblages accumulated near the coast that provides a r e g i o n a l v i e w o f t h e v e g e t a t i on from the coastal beaches to the uppermost altitudinal belts. Ozenda (1989) established that a shift of 1 km to the north is equivalent, from a bioclimatic point of view, to a shift of 1 metre in altitude. Therefore, today, vegetation belts shift by a mean value of 110 metres in altitude per degree in latitude. Applying this relationship, the vegetation distribution to the climatic estimates, it is possible to reconstruct the altitude of the Canigou Mount at time in the earliest Pliocene:
-at that time, the MAT at Le Boulou, situated at about 42.5°N latitude, was about 16.5°C on the coast (range comprised between 14.6 and 17.7°C) (Fauquette et al., 2007) . Today, such a temperature occurs south of Valencia in Spain, at about 38.5°N latitude on the seashore, i.e. about 4° lower in latitude than Le Boulou (or between 1.5 and 6° lower in latitude if the range of reconstructed MAT is considered); -using the relationship established by Ozenda (1975 Ozenda ( , 1989 , a shift of 4° in latitude corresponds to a mean shift of about 440 m in altitude. Thus, in the earliest Pliocene, vegetation belts should be shifted about 440 m higher (or 165 to 660 m based on the MAT interval mentioned above); -today, Abies may be established between ca. 900 (the lowest altitude of occurrence of individual Abies trees) and 2000 m high in the Canigou Massif. However, the lower altitudinal limit of fir forests in this massif can be estimated at an altitude ca. 1700 m ( Fig. 7 ; Gaussen et al., 1972; Gruber, 1980) . Taking into account the shift of 440 m in vegetation belts between modern day and the earliest Pliocene, fir occurred since about 2140 m or 1865 to 2360 m, based on the climatic interval (Fig. 9) . These values are an estimate of palaeoaltitude of the lower limit of the Abies belt. Therefore, they indicate only a minimum altitude for the Canigou Mount at the beginning of the Pliocene. It should be at least 1865 m high above the sea level and more probably higher than 2140 m (Fig. 8) .
The altitudinal difference between Cerdanya and the surrounding massifs
It is also possible to attempt to estimate the altitude of massifs surrounding the Cerdanya Basin in early Tortonian and early Messinian times. For this purpose, the MLV of MAT indicated by pollen assemblages of Sanavastre-Sampsor and Can Vilella are used here (Table  1) .
Applying a value of 0.55°C per 100 m for the altitudinal thermal gradient (Agr) to the early Tortonian, it is possible to use the translated MLV of MAT value at sea level for the Sanavastre-Sampsor pollen floras (t 3 calculated from Montredon and Alborán localities in Table 1 ). In this case they would fall between 17.4 and 17.9°C. The Sanavastre-Sampsor pollen floras indicate a vegetation belting capped by the Abies forest. The authors determine the latitudes where such values of MAT are recorded today. These latitudes are reported on the altitude versus latitude distribution of the Abies belt that allows to determine its basal altitude and hence a minimum altitude of the nearby Puigmal and Carlit massifs (today 2910 and 2921 m, respectively; Fig. 1C ). At present, these temperatures are recorded further to the south, at around 37° and 36.4°N, respectively. Adopting the relationship established by Ozenda (1975 Ozenda ( , 1989 , 1° of latitude corresponds to 110 m in altitude, and the present-day lower altitudinal limit of Abies in these massifs (around 1700 m: Fig. 7 ; Gaussen et al., 1972; Gruber, 1980) , the Puigmal and Carlit massifs should be at least 2300 m high at 11-9 Ma (Fig. 8) .
As the Can Vilella pollen flora demonstrates the Abies and Picea pollen evidences, the same calculation made for the early Tortonian can be performed for estimating palaeoaltitude of the Puigmal and Carlit massifs during the early Messinian. Here the two optional translated values of the MLV of MAT of the Can Vilella pollen flora at sea level of 18.4°C and 20.4°C (t 3 calculated from Douiet 1 and Capodarso localities in Table 1 ), correspond to 250 m or 600 m (options A and B in Figure 8 , respectively) of palaeoaltitude for the Cerdanya Basin. This results in two options for the minimum altitude of the nearby massifs. Today these temperatures are recorded further to the south, respectively around 37.5°N and around 35°N. Therefore, the Puigmal and Carlit massifs have been at least 2220 m high at 6.5 Ma (option A) or 2500 m high at 6.1 Ma (option B) (Fig. 7) .
Discussion and concluding remarks
The considerable interest of this case study is the presen ce in a small area of three chronologically distinct plant records. On this basis, it is possible to emphasise some concepts that can be considered objectively as robust outcomes:
-the Cerdanya Basin was a low altitude area during the early Tortonian as indicated by the substantial diversity of mega-mesothermic plants it sustained. Indeed it probably corresponds to the option proposed by Dèzes et al. (2004) in their reconstruction of the European Cenozoic rift system using several maps distributed through the time, even if the authors did not clearly express this assumption; -Cerdanya was at that time surrounded by already significantly elevated massifs because its deposits contain frequent to abundant Abies pollen grains. This interpretation is supported by the rare occurrence of Picea pollen (a taxon able to withstand colder conditions than Abies; Noirfalise et al., 1987) in the Can Vilella younger pollen assemblage. This observation agrees with a probable uplift between 11-9 and ca. 6 Ma; -the existence of an already elevated Canigou Mount in the earliest Pliocene, an observation based on the high frequency of Abies and Picea pollen in Le Boulou sequence. Even if the numerical values obtained are questionable, a reconstructed uplift of the eastern Pyrenees since 10 Ma is proposed. In particular the preferred option B seems sufficiently realistic to initiate new questions or re-open previous discussions (Fig. 8) . Indeed, this option, the chronology of which is supported by the clarified age of Can Vilella (Gómez Cano et al., 2011) , records a continuum in the uplifting process and rate. It also negates the hypothesis suggested by Agusti et al. (2006) which contradicts the evidence indicated by pollen data. It seems that an important difference in altitude between the Cerdanya Basin and the surrounding massifs already occurred in the Late Miocene time and that the eastern Pyrenees structural block continued to uplift continuously since 10 Ma, its rate ranging from 0.06 to 0.12 mm/yr. These results contrast with the previous hypotheses of topography acquisition in the eastern Pyrenees (Quaternary activity of normal faults: Briais et al., 1990 ; Quaternary activity of reverse faults: Philip et al., 1992 ; uplifted peneplain since the Late Miocene and subsequently eroded: Gunnell et al., 2010) .
Concerning the palaeoaltitude estimation for the Canigou Mount, the method presented in this paper is based on the modern distribution of the Abies -Picea vegetation belt following the latitudinal and altitudinal thermal gradients. The distribution is somewhat crude since it depends on several parameters, such as exposure to sun, wind, soil, competition and, of course, of human activity. These trees may obviously develop at lower altitudes under favourable environmental conditions. However, the vegetation and the climate reconstructed for the eastern Pyrenees during the earliest Pliocene is very similar to that today in China at around 25°N latitude. Here, vegetation is organised into distinct vegetation belts (Fig. 7) and provides an idea of how the Pliocene vegetation in southern Europe could have been organised, according to altitude and latitude. In this modern southern Chinese vegetation organisation, Abies is found at high altitude, not below 1800 m (Wang, 1961; Zheng, 2000) (Fig. 7) . Moreover, in the earliest Pliocene, the Roussillon shoreline occurred immediately at the foot of the mountains that significantly restricted the coastal plain width Bache et al., 2011) . Numerous low altitude taxa are recorded in the Le Boulou pollen assemblage. These taxa certainly colonised the slopes up to the mid-altitude, a situation that might have constrained Abies to very high altitude sites.
The presence of pollen grains of Abies in coastal marine sediments does not imply the presence of fir at low altitude. The present-day Grand Rhône prodeltaic sediments contain rare Abies pollen grains (<2%; Beaudouin et al., 2005) , while the distance of the nearest populations exceeds 170 km . Modern pollen spectra from the eastern Pyrenees show the presence of pollen grains of Abies (Picea is not present today in the Pyrenean Mountains; Gaussen et al., 1972) in samples collected using the Cour's (1974) method (see above) from low-to mid-altitude sites at the foot of the Canigou Mount: (1) in the Mediterranean sclerophyllous vegetation (Ile sur Têt, 42°40'N-2°37'E, at 270 m a.s.l.; cf.: Supplementary data 1 and 2); (2) in the Quercus pubescens belt immediately beneath the lower limit of the beech series (Mosset, 42°41'N-2°19'E, at 900 m a.s.l.; cf.: Supplementary data 1 and 2). Thus, taking into account the pollen assemblages from Le Boulou, Abies should occur at high rather than at low-to mid-altitudes.
The method presented here does not aim to determine exact values for palaeoaltitudes because many uncertainties bias the results. The target is to try to give an idea of the existence or not of distinct relief and about its elevation at a given time. Comparison of reconstructed elevations at various times (including the present day) provides information concerning the tendency of evolution of the massifs (the continuing or relaxing uplift process, and the importance of erosion). Setting aside these uncertainties in relation to the MAT estimation, quantification of palaeoaltitude of uplifted sedimentary basins, such as the Cerdanya, provides relatively direct information although it is not possible to determine palaeoaltitude of the nearby summits. Palaeoaltitude of the latter can be approached through estimation of the palaeoaltitude of the base of the highest forest belt, the Abies -Picea belt in the case of this study. However, the approach presented here is highly indirect for determining palaeoaltitude of the massif concerned because: (1) it only indicates a minimum elevation of the relief, and (2) the difference from the actual palaeoaltitude cannot be evaluated. Indeed, if the forest culminated at the highest point reached by a massif, the difference could be relatively limited (some tens metres) to moderate (up to 500 m, i.e. the width of the Abies -Picea belt; Fig. 9 ). Unfortunately, this matter cannot be resolved using pollen evidence. In addition, if an herbaceous belt covers the most elevated part of the massif, this difference is significantly increased because pollen analysis has yet to effectively detect such an alpine vegetation belt. Finally, this difference is further exacerbated where the summit was continuously covered by ice.
In this study the same lapse rate as today in Europe was used, i.e. 0.55°C per 100 m in altitude. However, it should be noted that the terrestrial lapse rate may vary according to several factors such as atmospheric conditions, moisture, topography, season and continentality. In the example given here, continentality would not have modified the lapse rate since all the sites selected generally occurred in similar geographic conditions influenced by the nearby Mediterranean Sea. Topography may also be an important influence on the lapse rate. Since the palaeotopography of the region was not known a priori, it is impossible to determine its influence on the lapse rate, but the conclusion of an almost constant altitudinal shift between the localities studied and the surrounding massifs (Fig. 8) allowed such an effect to be set aside. Another factor leading to different lapse rates is the air moisture. A moist adiabatic lapse rate is close to 0.5°C per 100 m, when the air is saturated, whereas the dry adiabatic lapse rate is 1°C per 100 m if the air is unsaturated. During the Neogene periods studied, the climate was warm and humid. This indicated more or less saturated air conditions and thus a lapse rate of ca. 0.5°C per 100 m. As a consequence, the average value established by Ozenda (1975 Ozenda ( , 1989 for Europe may be used in such studies with some caution.
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